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Summary
Signals transduced by Notch receptors are indispens-
able for T cell specification and differentiation of ab
T lineage cells. However, the role of Notch signals
during ab versus gd T lineage decision remains con-
troversial. Here, we addressed this question by em-
ploying a clonal analysis of CD42CD82 (DN) progeni-
tor potential to position the divergence of ab and gd
T cell lineages to the late DN2 to DN3 developmental
stages. Accordingly, ab and gd precursor frequencies
within these T cell progenitor subsets were deter-
mined, both in the presence and absence of Notch sig-
naling through Delta-like 1. Notch signals were found
to be critical for the DN to CD4+CD8+ (DP) transition,
irrespective of the identity (pTab or gd) of the inducing
T cell receptor complex, whereas gd T cells developed
from gdTCR-expressing T cell progenitors in the ab-
sence of further Notch ligand interaction. Collectively,
our findings demonstrate a differential, stage-specific
requirement for Notch receptor-ligand interactions
in the differentiation of ab and gd T cells from T cell
progenitors.
Introduction
During lymphopoiesis, two distinct T cell lineages, ab and
gd, are thought to develop from a common CD42CD82
double-negative (DN) progenitor (Petrie et al., 1992).
This population can be subdivided into consecutive de-
velopmental stages based on the expression of CD117
(c-kit), CD44, and CD25 (Godfrey et al., 1993). The earli-
est CD117+CD44+CD252 DN progenitors give rise to
CD117+CD44+CD25+ DN2 thymocytes. The DN2 stage
represents a population of cells that are mainly T lineage
specified, yet retain limited potential for natural killer cell
(NK) and dendritic cell (DC) lineages (Shen et al., 2003;
Wu et al., 1996). Initial rearrangements of the TCRd,
*Correspondence: jczp@sri.utoronto.caTCRg, and TCRb loci can be detected in DN2 cells,
whereas fully rearranged (V-DJ and VJ) loci are present
in the T cell committed CD442CD25+ DN3 progeny
(Capone et al., 1998; Livak et al., 1999). DN thymocytes
expressing a productively rearranged gdTCR are capa-
ble of developing along the gd T cell lineage, whereby
most cells remain DN (Kang et al., 1998; Passoni et al.,
1997). Alternatively, DN3 cells that have generated
a functional TCRb chain, which assembles with the in-
variant pre-Ta and CD3 signaling chains to form the
pre-TCR, undergo further differentiation along the ab lin-
eage. This process, termed b-selection, is marked by
a transition from the DN to the CD4+CD8+ double posi-
tive (DP) stage (Michie and Zu´n˜iga-Pflu¨cker, 2002). The
precise branch-point of ab and gd lineages and the mo-
lecular determinants of lineage decision are not fully un-
derstood. Although recently the strength of TCR signal-
ing has been demonstrated to influence gd versus ab
lineage differentiation (Haks et al., 2005; Hayes et al.,
2005), it is likely that other factors also impact the com-
mitment and differentiation process (Pennington et al.,
2005).
The thymic microenvironment provides many extrin-
sic signals that affect thymocyte differentiation. Among
these, Notch receptor-ligand interactions are indispens-
able for T-lymphopoiesis (Radtke et al., 1999). Of the
four mammalian Notch receptors, Notch1, Notch2, and
Notch3 are expressed in the thymus along with the
ligands Jagged1, Jagged2, Delta-like 1, and Delta-like
4. Upon ligand engagement, proteolytic cleavage events
release the intracellular domain of Notch (Notch-IC),
which translocates to the nucleus and activates target
gene transcription through its interaction with the re-
combination signal binding protein-Jk (RBP-J) (Radtke
et al., 2004). Notch-mediated signals have been impli-
cated at various critical junctions in T cell development,
most notably in promoting the T–B lineage fate (Maillard
et al., 2005). Thereafter, sustained Notch receptor-
ligand interactions are required throughout early T cell
development for the maintenance of T cell specification,
for the survival of T committed progenitors, and for the
functional outcomes of the b-selection checkpoint
(Ciofani et al., 2004; Ciofani and Zu´n˜iga-Pflu¨cker, 2005;
Schmitt et al., 2004; Tanigaki et al., 2004; Wolfer et al.,
2002).
Whereas the dependence of ab lineage differentiation
on Notch signals is clear, the precise role of this pathway
in gd T cell development remains controversial. Several
studies have suggested that Notch-mediated signals in-
fluence ab versus gd lineage commitment. Bone marrow
progenitors with reduced Notch1 gene dosage favored
gd T cell development when compared to wild-type pro-
genitors in Notch1+/2-Notch1+/+ mixed bone marrow
reconstitution chimeras (Washburn et al., 1997). Other
studies, however, have suggested the opposite trend.
Specifically, E18 fetal thymuses from Jagged2-deficient
mice display a 2-fold reduction in gd lineage cellularity
(Jiang et al., 1998). Additionally, overexpression of
active Notch1-IC in either human CD34+ cord blood
progenitors (Garcia-Peydro et al., 2003) or immature
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differentiation at the expense of ab lineage development
in fetal thymic organ cultures (FTOC). Gene-targeting
studies in mice have also produced conflicting results.
Conditional deletion of RBP-J in developing thymocytes
at the DN2-DN3 boundary resulted in a 2-fold increase in
gd thymocytes and an enhancement in gd T cell emigra-
tion (Tanigaki et al., 2004), whereas inactivation of
Notch1 failed to affect the gd T cell compartment (Wolfer
et al., 2002). However, given that gd T cells may diverge
from the ab lineage prior to the point at which condi-
tional gene deletion becomes effective in these mice, it
remains uncertain whether Notch signals are required
for gd T cell development. Furthermore, the available
data obtained from bulk populations cannot distinguish
effects of Notch signaling on lineage commitment ver-
sus effects on survival, proliferation, or homeostatic
compensatory mechanisms that operate in vivo.
In the present study, we demonstrate that gd T cell de-
velopment to the functionally mature stage proceeds
normally from hematopoietic progenitor cells (HPCs)
when cultured with OP9 cells that ectopically express
the Notch ligand, Delta-like-1 (OP9-DL1) (Schmitt and
Zu´n˜iga-Pflu¨cker, 2002). Thus, the OP9-DL1 cell line is
a suitable model system in which to examine the molec-
ular requirements of gd lineage differentiation. To this
end, we employed g-secretase inhibitors and culture
with OP9 cells lacking Delta-like-1 expression (OP9-
control) to examine the effect of attenuation of Notch
signaling on the development of gd lineage cells from
various progenitors. Foremost, clonal assays of DN T
cell progenitor potential permitted identification of the
branch-point of ab and gd T cell lineages at the late
DN2 to DN3 developmental stages. Consequently, the
contribution of Notch signals to lineage fate was deter-
mined by assessing the ab and gd precursor frequencies
within the DN2 and DN3 subsets, in both the presence
and absence of Notch receptor-ligand interaction.
Moreover, genetic reconstitution of recombinase-acti-
vating gene-2 (RAG-2)-deficient DN progenitors with
productively rearranged TCRb or TCRg and TCRd
chains allowed temporally precise comparisons of pre-
TCR- and gdTCR-induced differentiation outcomes in vi-
tro. Notch signaling was essential for both ab and gd T
cell development from early, uncommitted DN2 progen-
itors. While this requirement persisted for the differenti-
ation and proliferation of DN3 cells past the b-selection
checkpoint to the DP stage, gd T cell differentiation
from DN3 T cell precursors occurred effectively in the
absence of Notch ligand interactions. Taken together,
our results reveal a differential, stage-specific require-
ment for Notch-mediated signals for the differentiation
of ab and gd T lineage cells.
Results
gd T Cell Development Proceeds Normally
in OP9-DL1 Cultures
Ectopic expression of a Notch ligand, Delta-like 1, on the
bone marrow stromal cell line OP9-DL1 permits the effi-
cient differentiation of fetal liver-derived HPCs into both
ab lineage CD4+CD8+ DP cells and gd lineage T cells
(Schmitt and Zu´n˜iga-Pflu¨cker, 2002). In order to validate
further study of the molecular determinants of gd T celldevelopment in vitro, we sought to better characterize
the generation of gd lineage cells in OP9-DL1 cultures.
To this end, CD117+Sca-1hi fetal liver HPCs were cul-
tured on OP9-DL1 monolayers, and T cell development
was assessed by flow cytometry. Immature CD24+
gdTCR+ T cells emerged by day 6 of culture, coincident
with the first wave of ab-lineage DP cell differentiation,
and continued to accumulate through to day 9 (Fig-
ure 1A). By day 12 of coculture, 40% of gdTCR+ T cells
had downregulated cell-surface expression of CD24
(Figure 1A), attaining a mature phenotype (Pereira
et al., 1992). Thus, a complete program of gd T cell differ-
entiation was accomplished from HPCs in vitro. More-
over, a comparative analysis of coculture-derived and
ex vivo thymus-derived CD24+ gd T cells established
similar patterns of expression of gd T cell-associated
surface markers (Figure 1B). As observed in the thymus,
the majority of culture-derived gd T cells were
CD42CD82 DN, with a small proportion expressing
CD8a (Figure 1B and data not shown). Additionally, RT-
PCR analysis of culture-derived CD24+ gdTCR+ cells for
expression of various full-length Vg and Vd chains re-
vealed a polyclonal representation of rearrangements
(Figure 1C). The distribution of Vg and Vd usage for cul-
ture-derived gd T cells included those associated with
both fetal (GV1, 2, and DV101) and adult (GV3, 5,
DV104, 105, and ADV7) phases of development (Allison
and Havran, 1991; Weber-Arden et al., 2000).
Although there are nogd cell-specific surface markers,
other than gdTCR itself, a gd-biased gene expression
profile has been described that distinguishes mouse gd
cell populations from conventional ab T cells (Penning-
ton et al., 2003). Importantly, impaired gd T cell develop-
ment and function were correlated with alteration of this
profile. To assess whether in vitro gd T cell development
reflects physiological differentiation in the thymus, we
performed semiquantitative RT-PCR analysis from
equivalent populations of immature CD24+ gdTCR+ cells
isolated from OP9-DL1 cocultures and from the thymus
of a 2-week-old mouse. RNA from ab lineage DP thymo-
cytes was also analyzed for comparison. Analysis re-
vealed that culture-derived gd T cells displayed the
expected gd-biased gene expression profile, similar to
that of thymus-derived CD24+ gd T cells (Figure 1D).
Culture-Derived gd T Cells Are Functionally Mature
The appearance of CD24lo gd T cells in fetal liver HPC-
OP9-DL1 cocultures suggests that these cells have
reached functional maturity. To address this, CD24lo gd
T cells were purified from day 14 cocultures, loaded
with CFSE, and stimulated with plate bound anti-CD33.
After 48 hr, stimulated gd T cells, but not unstimulated
controls, underwent several rounds of proliferation,
as indicated by dilution of CFSE (see Figure S1A in the
Supplemental Data available with this article online).
Consistent with cellular activation, stimulated cells also
upregulated the surface expression of various activation
markers, including CD25, CD44, and CD69, and down-
regulated surface expression of CD62L. Moreover,
anti-CD33 stimulated, culture-derived CD24lo gd T cells
adopted a large, blast-like phenotype and underwent
activation-induced interferon-gproduction (Figure S1B).
In all cases, activation of culture-derived gd T cells oc-
curred in a dose-dependent manner. Collectively, these
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(A) Developmental progression of T lineage cells was examined on days 6, 9, and 12 by flow cytometric analysis of CD33, TCRgd, CD24, CD4, and
CD8 cell surface expression. Numbers in the quadrant indicate the percentage of cells. Data are representative of at least three independent
cultures.
(B) Comparison of CD2, TCRgd, CD5, CD8a, CD25, and CD90 expression on day 9 OP9-DL1 culture-derived immature gd T cells (black line)
versus 1 week CD-1 thymus-borne gd T cells (gray line). Histograms are gated for CD24 and TCRgd expression and are representative of three
independent experiments. RCN, relative cell number.
(C) RT-PCR analysis of selected Vg and Vd gene rearrangements. RNA was extracted from purified gdTCR+CD24+Lin2
(NK1.12CD42CD82B2202) cells derived from day 10 FL HPC/OP9-DL1 cultures (Cltr) or 2 week CD-1 thymuses (Thy), and purified CD4+
CD8+ DP cells from 2 week CD-1 thymuses (DP).
(D) Culture-derived gd T cells display a gd T cell-biased gene profile. Semiquantitative RT-PCR analysis was performed from the same subsets
as in (C). Data represent 3-fold serial dilutions of template cDNA (wedges) normalized to a b-actin-specific product. Data in (C) and (D) are
representative of two independent experiments.data demonstrate that expression of Delta-like 1 by OP9
cells can support the differentiation of functionally ma-
ture gd T cells from fetal liver HPCs in vitro.
Different Thresholds of Notch Signaling
Are Required for ab and gd Differentiation
To characterize the requirement for Notch signaling dur-
ing gd T cell development, HPCs were cultured with
OP9-DL1 cells in the presence of increasing concentra-
tions of a Presenilin-1 and -2 inhibitor (g-secretase in-
hibitor X; GSI X). After ligand engagement, a Presenilin-
dependent g-secretase activity has been shown tomediate the cleavage of the intracellular trans-activating
domain of Notch receptors (Saxena et al., 2001). Analy-
sis on day 8 revealed robust T lineage differentiation
from HPCs cultured in the absence of GSI X (DMSO
alone), comprising 17% DP cells and 3.6% gd T cells
(Figure 2A). Consistent with the requirement for Notch
signals for T cell development, GSI X-treated cultures
displayed a dose-dependent decline in the generation
of both DP and gd T cells prior to the emergence of
CD19+ B lineage cells, which correlates to a complete
abrogation of Notch signals (Figure 2A). This trend was
paralleled by a concomitant reduction in the absolute
Immunity
108Figure 2. Reduced Sensitivity of gd versus ab
T Lineage Development to Loss of Notch
Signaling
(A) Developmental progression of fetal liver
HPCs cultured with OP9-DL1 cells for 8
days in the presence of DMSO or increasing
concentrations of g-secretase inhibitor X
(GSI X), as indicated. Numbers in plots indi-
cate percentage of cells in the gated areas.
(B) Corresponding cellularity of DP and gd T
cells depicted in (A). DP and gd T cellularity
was determined by multiplication of the total
cell number by the percent of CD4+CD8+ DP
or gdTCR+ cells present in the cultures. Data
represent mean6 SEM for culture conditions
performed in triplicate and are representative
of at least five independent experiments.numbers of each T cell lineage with increasing concen-
tration of inhibitor (Figure 2B). Notably, the effect of Pre-
senilin inhibition was greater for ab versus gd T lineage
cells, such that at a low concentration of GSI X (0.1 mM),
DP differentiation was reduced by 41% from DMSO-
only control cultures, compared to a decline of 16%
for gd T cells (Figure 2B). Thus, gd lineage development
was less sensitive to reduced Notch signals than ab T
cell development from HPCs. These findings are in line
with a previous report in which reduced Notch1 gene
dosage produced a similar effect in Notch1+/2-
Notch1+/+ competitive bone marrow reconstitution chi-
meras. Although Notch1+/2 hematopoietic stem cells
contributed less than wild-type progenitors to overall T
cell reconstitution, the effect was more dramatic for
the ab than the gd thymocyte compartments (Washburn
et al., 1997).
Timing of ab and gd T Lineage Bifurcation
The decreased sensitivity of gd T cell development
to GSI treatment may reflect a differential sensitivity ofdifferent DN T cell progenitor subsets to reduced Notch
signals. Indeed, we have previously demonstrated that
relatively strong Notch signals are required to maintain
T lineage commitment (Schmitt et al., 2004). Thus, we
sought to assess the role of Notch signals at the point(s)
of ab and gd lineage bifurcation. Although all of the pro-
genitor DN subsets have been shown to generate both
ab and gd T lineage cells (Pennington et al., 2005), the
precise divergence point of these lineages remains un-
known. This uncertainty represents a major limitation
in previous studies aimed at examining the contribution
of the Notch pathway in T lineage fate.
To pinpoint the timing of T lineage divergence, we de-
termined the lineage potential within the DN1, DN2, and
DN3 subsets of E14 fetal thymus by using a clonal assay
in which single cells were deposited into individual
wells containing OP9-DL1 cell monolayers. Figure 3A
displays the total ab and gd T cell frequencies as a
percentage of T cell reconstituted wells. The relative fre-
quency of ab T cell precursors, gd T cell precursors, and
ab and gd bipotent precursors among T committed DN
Role of Notch Signals at ab/gd Lineage Branch-Point
109Figure 3. Clonal Analysis of Fetal Thymus DN
Cells Cultured with OP9-DL1 Cells
Single DN1 (CD117+CD44+CD252TCRgd2),
DN2 (CD117+CD44+CD25+TCRgd2), or DN3
(CD442CD25+TCRgd2) cells from E14 fetal
thymus were cultured with OP9-DL1 cells
in individual wells of a 96-well plate. Flow cy-
tometric analysis after 7 to 12 days of culture
was based on expression of CD45 and TCRb
(ab lineage) or gdTCR (gd lineage). Data are
representative of at least three independent
experiments encompassing 75, 138, and 63
total T cell reconstituted wells of 299, 265,
and 960 total wells for DN1, DN2, and DN3
cells, respectively.
(A) Total number of wells containing ab or gd
lineage cells expressed as a percent of T cell
reconstituted wells. Data represent mean 6
SEM.
(B) Total number of wells displaying either ab-
only, gd-only, or both ab and gd potential ex-
pressed as a percent of T cell reconstituted
wells. Data represent mean 6 SEM.
(C) Representative flow cytometric analyses
of individual OP9-DL1 wells populated by sin-
gle DN2 cells, depicting the developmental
outcomes described in (B). Numbers in the
quadrants indicate the percentage of cells in
each quadrant.progenitors is further delineated in Figures 3B and 3C.
As expected, single DN1 cells were uniformly bipotent,
giving rise to both ab and gd lineage cells. Nearly all
DN2-reconstituted wells contained ab lineage cells
(97%), whereas 42% of wells contained gd lineage cells,
such that a relatively high proportion of cells gave rise
exclusively to ab lineage cells (58%) or retained potential
for both ab and gd lineage (39%). In contrast, very few
DN2 cells (3.3%) appear committed solely to the gd T
cell fate.
Single DN3 cells, on the other hand, gave rise to either
ab or gd progeny, but rarely both (1.9%; Figures 3A and
3B). The progressive loss of bipotency with subsequent
developmental subsets indicates that the ab and gd T
cell lineages begin to diverge during the transition
from the DN2 to the DN3 stage, at which point most cells
become lineage restricted. Similar trends in lineage bi-
potency were observed in clonal assays of adult thymus
DN progenitors, with the exception of a higher observed
frequency of DN2 progenitors giving rise exclusively to
gd T cells (19.6%; Figure S2).Notch Signals Are Critical for gd T Cell Development
from Uncommitted but Not Committed T Progenitors
We next assessed the requirement for Notch receptor-
ligand interactions for gd T cell development from spe-
cific populations of T cell progenitors undergoing line-
age restriction (Figure 4). To this end, DN2 and DN3
precursor cells were purified from E14 fetal thymus
and cultured with either OP9-DL1 or OP9-control cells
for 5 days. DN2 cells gave rise to substantial populations
of TCRb+ and gdTCR+ cells when cultured with OP9-DL1
cells (Figures 4A and 4C). In contrast, and in keeping
with our previous work, DN2 precursors failed to give
rise to the ab T lineage cells when cultured in the ab-
sence of Notch-DL1 interactions (Schmitt et al., 2004)
and produced few gd T cells, representing a 98% reduc-
tion compared to DN2–OP9-DL1 cultures. DN3 cells,
which are fully committed to the T lineage, also gener-
ated ab and gd T lineage cells in OP9-DL1 cocultures
(Figures 4A and 4C). Consistent with the role for Notch
signals during b-selection (Ciofani et al., 2004), DN3 cells
failed to expand or substantially differentiate toward the
Immunity
110Figure 4. Stage-Specific Requirement for
Notch Ligand Interactions during gd T Cell
Development
(A) Developmental analysis of purified E14 fe-
tal thymus DN2 (CD117+CD44+CD25+) and
DN3 (CD442CD25+) cells after 5 days of cul-
ture with OP9-DL1 or OP9-control cells.
(B) CD24 cell-surface expression on gd T cells
derived from fetal thymus DN2 and DN3 cells
cultured as in (A). Histograms are gated for
cell expressing CD45 and gdTCR. Numbers
adjacent to gated areas in (A) and (B) indicate
the percentage of cells in each region.
(C) Corresponding gd and ab T cell cellularity
for cultures depicted in (A). Cellularity is ex-
pressed per 1000 input DN2 or DN3 cells
and was determined by multiplication of total
cell number by the percent of TCRb+ or
gdTCR+ cells present in the cultures. Data in
(A)–(C) are representative of at least four inde-
pendent experiments.
(D) CD24 cell-surface expression of CD24hi
gdTCR+ cells purified from a day 9 FL-OP9-
DL1 coculture and further cultured with
OP9-DL1 or OP9-control cells for 2, 4, and 6
days. Histograms are gated for CD45 and
gdTCR expression. Data are representative
of four independent experiments.
(E) Corresponding gd T cell celluarity for
cultures depicted in (D). Data represent
mean 6 SD of culture conditions performed
in duplicate.ab T lineage when cultured with OP9-control cells. De-
spite the reduced cell numbers, DN3-OP9-control cul-
tures did generate gd T cells, but with 58% less cellular-
ity than DN3-OP9-DL1 cultures. These findings suggest
that gd T cell differentiation from early non-T-committed
progenitors requires Notch signaling, whereas gd T cell
development from committed DN3 pre-T cells does not.
Several studies have suggested that Notch signals
impact ab versus gd lineage commitment (Garcia-Pey-
dro et al., 2003; Tanigaki et al., 2004; Washburn et al.,
1997). To date, analysis of differentiation in mouse
models and bulk cultures has disallowed the discrimina-
tion of effects of Notch signals on lineage commitment
versus proliferation or survival. Thus, to address
whether Notch receptor-DL1 interactions influence the
ability of progenitor thymocytes to adopt the ab and gd
T cell fates, we performed limiting dilution analyses of
DN2 and DN3 cells in OP9-DL1 and OP9-control cultures
and determined the precursor frequency for ab and gd
cells within each subset. DN2 thymocytes gave rise to
ab lineage cells with very high frequency in OP9-DL1cultures (1 in 1.4 DN2 cells, Table 1). In contrast, the ab
precursor frequency within the DN3 subset was sub-
stantially lower at 1 in 15 DN3 cells, which is less than
the frequency of cells expected to possess a produc-
tively rearranged TCRb chain (1 in 1.8 cells) assuming re-
combination occurs on both alleles (Tanaka et al., 1995).
This discrepancy may reflect a lower cloning or plating
efficiency for DN3 versus DN2 thymocytes. A similar
trend was apparent when comparing the frequency of
gd T cell potential from DN2 and DN3 progenitors: 1 in
4.4 DN2 cells versus 1 in 67 DN3 cells. Notwithstanding
the disparity in overall precursor frequency, it is notable
that the ratios of ab to gd lineage potential for the DN2
and DN3 subsets were similar, corresponding to 3.2:1
and 4.5:1, respectively. These figures are consistent
with the ratios of ab and gd frequencies observed in
clonal analyses of DN2 and DN3 precursors (Figures
3A and 3B) and support the notion that the gd lineage
diverges from ab lineage cells mainly at the DN3 stages,
as transition from the DN2 to the DN3 stage results in
a minimal loss of relative gd T cell potential.
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productive b-selection (Ciofani et al., 2004), culture of ei-
ther DN2 or DN3 cells in the absence of Notch receptor-
DL1 interaction resulted in a complete abrogation of ab
lineage potential. Interestingly, we also observed a strik-
ing 98% loss of gd T cell precursor frequency for DN2
cells assayed in OP9-control versus OP9-DL1 cultures
(1 in 263 versus 1 in 4.4 DN2 cells, respectively). In con-
trast, although the gd T cell precursor frequency for DN3
cells cultured with OP9-control monolayers was low (1 in
121 DN3 cells), this represented a nominal, albeit signif-
icant, 44% loss in potential versus OP9-DL1 cultures.
These findings are compatible with our observations
for bulk cultures of DN2 and DN3 precursors (Figures
4A and 4C). Taken together, the data suggest that sus-
tained Notch receptor-ligand interactions are critical
for gd and ab T cell differentiation from early noncommit-
ted progenitors. However, Notch signaling appears to
be dispensable for gd T cell development from commit-
ted pre-T cell precursors.
Alternatively, the gd T cell development observed in
OP9-control cultures may reflect the maintenance and
outgrowth of cells committed to the gd T cell lineage
with rearranged gdTCR that share cell-surface markers
with DN2 and DN3 cells. In support of this hypothesis,
the majority of gd T cells present in bulk DN2 or DN3-
OP9-control cultures display a mature CD24lo pheno-
type, whereas CD24+ immature gd cells predominate
in OP9-DL1 cultures (Figure 4B). Indeed, immature
CD24+ gd T cells purified from either HPC-OP9-DL1 co-
cultures or young thymus will undergo maturation to the
CD24lo stage when cultured in the presence or absence
of Notch-DL1 interaction with equal kinetics of CD24
downregulation and equal levels of proliferation (Figures
4D and 4E and data not shown). Thus, cells committed
to the gd T cell lineage no longer require Notch signals
to complete maturation.
Differential Notch Signal Requirement for ab
and gd Lineage Differentiation
To eliminate the possibility of confounding committed
gd lineage cells from our analysis, we employed an ex-
perimental system that would permit the precise timing
of both developmental transitions and Notch ligand
availability. Genetic reconstitution of Rag22/2 progeni-
tors with a productively rearranged TCRb chain or with
Table 1. Precursor Frequency Analysis for DN2 and DN3 Fetal
Thymocytes Cultured on OP9-DL1 or OP9-Control Cells
Precursor/
Lineagea
Precursor
Frequency21
in OP9-DL1
Cultures (95%
Confidence Limits)b
Precursor
Frequency21
in OP9-Control
Cultures (95%
Confidence Limits)
DN2/ gd T cells 4.35 (3.43–5.51) 263 (163–424)
DN2/ ab T cells 1.38 (1.11–1.73) Nil
DN3/ gd T cells 67.4 (52.9–85.9) 121 (94.6–154)
DN3/ ab T cells 14.9 (12.0–18.5) Nil
a Individual wells were analyzed on day 7 for the presence of ab lin-
eage (CD45+TCRb+ or CD45+CD4+) and gd lineage cells
(CD45+TCRgd+).
b Statistical analysis was performed via the method of maximum
likelihood applied to the Poisson model.TCRg and TCRd chains allows temporal control over
pre-TCR and TCRgd expression and, moreover, by-
passes any possible requirement for Notch signaling
for the rearrangement of TCRg or TCRd loci, as has
been demonstrated for the TCRb locus (Wolfer et al.,
2002).
Thus, to characterize the requirement for Notch re-
ceptor-ligand interactions during gd T cell differentia-
tion, culture-derived Rag22/2 DN cells were retrovirally
transduced with either empty YFP and GFP control vec-
tors or paired combinations of TCRg and TCRd chains,
and the differentiation of purified doubly transduced
YFP+GFP+ DN3 cells was assessed after culture with
OP9-DL1 or OP9-control monolayers. TCRb and YFP
vector-only doubly transduced DN3 cells were included
as controls. The three independent TCRg and TCRd
chains used in this assay were derived from the DTN40
(Azuara et al., 1998), KN6 (Ito et al., 1989), and C1.21 hy-
bridomas. The latter was generated from culture-de-
rived gd T cells (see Experimental Procedures).
After 4 days of culture, empty vector-transduced
GFP+ YFP+ control cells remained CD4 CD8 DN (Fig-
ure 5A). As previously reported (Ciofani et al., 2004),
TCRb+ YFP+ DN3 cells underwent b-selection, resulting
in the generation of DP cells (25%) when cultured with
OP9-DL1 but not OP9-control cells. Notably, TCRg and
TCRd-transduced Rag22/2 DN3 cells also gave rise to
DP cells in OP9-DL1 cultures (2% to 9%), but not as
effectively as TCRb-transduced cells (Figure 5A). Intro-
duction of TCRg or TCRd chains alone did not rescue dif-
ferentiation of Rag22/2 progenitors (data not shown).
The ability of gdTCR chains to mediate the differentiation
of DP cells was not unexpected (Buer et al., 1997) and
has been documented in several gdTCR transgenic
mice (Kersh et al., 1995; Livak et al., 1997; Passoni
et al., 1997). However, consistent with the signal strength
model of ab-gd lineage choice (Haks et al., 2005; Hayes
et al., 2005), stronger TCR complex signals, as revealed
by higher CD5 surface expression, correlated with de-
creased DP generation when comparing KN6 to C1.21
and DTN40 to TCRb (Figures 5A and 5B). In the absence
of Notch-ligand interactions, gdTCR-mediated DN to DP
transition was completely abrogated in OP9-control cul-
tures, consistent with a b-selection-like mode of differ-
entiation (Figure 5A). Rather, in all three cases, robust
populations of DNgdT cells were generated, the majority
of which had progressed to the CD24lo CD5+ mature
stage of development by day 4 of culture (Figures 5A
and 5B). Of note, OP9-DL1 cultures of transduced cells
carried out in the absence and presence of a fully inhib-
itory concentration of GSI X produced equivalent results
(data not shown). Additionally, gd TCR-transduced
Rag22/2 DN2 progenitors also differentiated to mature
gd T cells in OP9-control cultures (Figure S3).
Analysis of culture cellularity demonstrated that, in line
with the ab lineage-like differentiation, gdTCR-induced
DN to DP transition was accompanied by a burst in cell
proliferation (Figure 5C). However, reminiscent of the in
vivo scenario, the gdTCR chains were not as effective
as TCRb (pre-TCR), resulting in 34- to 50- versus 180-
fold expansions, respectively. Limiting dilution analysis
revealed that this difference mainly reflects a decreased
frequency of DP development for gdTCR-expressing
cells (1:15 and 1:20) versus TCRb (pre-TCR)-expressing
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Ligand Interaction during ab and gd T Cell Dif-
ferentiation from Pre-T Cells
(A and B) Developmental progression of cul-
ture-derived Rag22/2DN3 cells doubly trans-
duced with GFP and YFP expression vectors,
as indicated, and cultured with OP9-DL1 or
OP9-control cells for 4 days. Flow cytometry
analysis of CD4 and CD8 (A) or CD5 and
CD24 (B) cell-surface expression is shown
for cells gated for GFP, YFP, and CD45 ex-
pression. Data are representative of four in-
dependent experiments. Numbers indicate
the percentage of cells in each quadrant.
(C) Fold expansion in cellularity for trans-
duced cells cultured with OP9-DL1 and
OP9-control cells for 5 days. Dotted line indi-
cates the baseline number for the fold expan-
sion. Data represent mean 6 SEM of three
independent experiments.cells in OP9-DL1 cultures (1:1.3; Table 2). In contrast,
unlike TCRb+YFP+ Rag22/2 DN3 cells, gdTCR+ pro-
genitors effectively differentiated in OP9-control cul-
tures with a frequency of 1 in 2.5 and 1 in 2.7 for
KN6 and C1.21 gdTCR, respectively (Table 2). Also,
consistent with the relatively low proliferation associ-
ated with gd T cell development (Kang et al., 1998),
expansion of TCRg and TCRd-transduced cells was
moderate in OP9-control cultures, representing 5.8-
to 18- fold increases in cellularity (Figure 5C). Never-
theless, this was in striking contrast to the nearly
complete loss in cellularity of control YFP+GFP+ or
TCRb+YFP+ DN3 cells cultured on OP9-control cells.
Taken together, the results reveal a differential re-
quirement for Notch signals for the differentiation of
ab and gd lineage cells from T cell progenitors.
Whereas Notch signals are critical for DN to DP tran-
sition, irrespective of the inductive TCR, gd T cell de-
velopment occurs effectively from gdTCR-expressing
DN2 or DN3 precursors in the absence of productive
Notch receptor-ligand interactions.Discussion
Here, we demonstrate a stage-specific requirement for
Notch signaling during gd T cell development. Although
sustained Notch signaling is essential for continued ab
lineage differentiation from DN2 and DN3 precursors
alike, withdrawal of Notch ligand interactions resulted
in a severe decline in gd T cell progenitor potential and
differentiation from DN2 cells, but not DN3 cells. This
trend is consistent with the timing of recombination at
the TCRd and TCRg loci and may reflect the presence
of cells within the DN3 but not the DN2 subset that
posses complete in-frame gdTCR rearrangements (Ca-
pone et al., 1998; Livak et al., 1999). Indeed, introduction
of productive gdTCR chains into either Rag22/2 DN2 or
DN3 cells permitted gd T cell development in the ab-
sence of further Notch signaling.
We have previously demonstrated that sustained
Notch signals are required for the maintenance of
T cell specification and differentiation at the DN2
stage (Schmitt et al., 2004). Our findings extend this
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ages. The targets of Notch signaling that contribute to T
lineage commitment are largely unknown. An intriguing
possibility is that the Notch signaling pathway may be
essential for effective rearrangement of the TCRg or
TCRd loci, as has been demonstrated for the TCRb locus
(Wolfer et al., 2002). In support of this hypothesis, ex-
pression of a gdTCR in Rag22/2 DN2 cells bypassed
the requirement for Notch signaling for gd T cell develop-
ment at this stage. Thus, once gdTCR expression is at-
tained, gd T cell development and expansion can occur
independently of Notch signals.
Our conclusions are in agreement with other studies in
which Notch activity is attenuated in developing thymo-
cytes. Conditional deletion of Notch1 or RBP-J at the
DN2-DN3 boundary blocks development at the b-selec-
tion checkpoint without reducing gd T cell numbers
(Tanigaki et al., 2004; Wolfer et al., 2002). Similarly, GSI
treatment of E14 FTOCs severely compromised the gen-
eration of DP thymocytes, whereas gd T cell develop-
ment was nominally affected (Doerfler et al., 2001). To-
gether, with recent work examining development of
pre- and postselection DN3 cells in OP9 cultures (Ta-
ghon et al., 2006), these studies support our finding
that Notch signals are differentially required for ab and
gd T cell development from committed T cell precursors.
Although not obligatory, we also observed that Notch-
ligand interactions do enhance gd T cell development
(Lehar et al., 2005), likely via effects on progenitor sur-
vival or proliferation, as maturation and expansion of
committed gd T cells is Notch ligand independent.
The Notch pathway influences binary cell fate deci-
sions in many developmental systems (Artavanis-
Tsakonas et al., 1999). Studies suggesting that Notch
signaling plays a similar role during ab-gd T lineage com-
mitment have produced conflicting results (De Smedt
et al., 2002; Garcia-Peydro et al., 2003; Tanigaki et al.,
2004; Washburn et al., 1997). In the case of Notch-IC
overexpression, this may reflect the activity of signaling
pathways that are not triggered under physiological
conditions. Moreover, studies of lineage commitment
events based on bulk or steady-state populations are
hampered by the additional effects of proliferation, sur-
vival, and tissue homeostasis. Here, we address these
issues by performing ab and gd progenitor frequency
analyses of DN2 and DN3 thymocytes in the presence
and absence of Notch activation via Delta-like 1 interac-
Table 2. Precursor Frequency Analysis of Rag22/2 DN3 Cells
Retrovirally Transduced to Express TCRb or TCRgd and Cultured on
OP9-DL1 or OP9-Control Cells
Transduced
Construct
DP Frequency21
in OP9-DL1
Cultures (95%
confidence limits)a
T Cell Frequency21
in OP9-Control
Cultures (95%
Confidence Limits)
TCRb/YFP 1.28 (1.08–1.52) Nil
C1.21 TCRg/TCRd 20.2 (16.8–24.4) 2.69 (2.06–3.50)
KN6 TCRg/TCRd 14.8 (11.6–19.0) 2.47 (1.85–3.30)
Individual wells were analyzed on day 7 or 8 for the presence of DP T
cells in OP9-DL1 cultures (CD45+CD252CD4+ and/or CD8+) and T
cells in OP9-control cultures (CD45+).
a Statistical analysis was performed via the method of maximum
likelihood applied to the Poisson model.tion. Our results are inconsistent with a role for Notch
signals in inducing a binary ab-gd fate decision from
a common progenitor. Foremost, Notch-Delta-like 1 in-
teractions are not incompatible with gd T cell develop-
ment. In fact, the relative frequency of DN2 or DN3 cells
that adopt the gd as compared to the ab T cell fate in
OP9-DL1 cultures is high, 1:3.2 and 1:4.5, respectively.
Moreover, Notch ligand withdrawal does not enhance
the frequency of T cell precursors that adopt the gd
cell lineage, which would be predicted by such a model.
Our findings reveal a differential requirement for
Notch signals during the differentiation of ab and gd T
cells from T lineage-committed progenitors. Remark-
ably, irrespective of the mode of induction—anti-CD33
crosslinking, pre-TCR formation, or introduction of ac-
tive downstream signaling mediators—cells undergoing
a ‘‘b-selection’’-like differentiation toward the ab lineage
are dependent on sustained Notch signals (Ciofani et al.,
2004). In the present study, we extend this observation
to include gdTCR-mediated DN to DP transition, which
was completely abrogated in the absence of Notch re-
ceptor-ligand interactions. This trend is further sup-
ported by a recent report addressing the relative Notch
signal dependence of ab development mediated by the
pre-TCR, abTCR, and gdTCR (Garbe et al., 2006). The
universal requirement for Notch signals for all types of
ab lineage development to the DP stage likely encom-
passes the necessity for Notch signals to support the
proliferative burst characteristic of the ab differentiation
program (Ciofani and Zu´n˜iga-Pflu¨cker, 2005).
Examination of Notch targets in pre-T cells may pro-
vide insights into the differential Notch signal depen-
dence of ab and gd T lineage development. Notch-medi-
ated signals regulate expression of pre-Ta and facilitate
Vb to DJb rearrangement at the TCRb locus, thus im-
pacting on pre-TCR formation (Reizis and Leder, 2002;
Wolfer et al., 2002); this event is critical for ab and not
gd T cell development (Hayday et al., 1999). However,
differential complex formation alone cannot account
for the difference in Notch signal requirement, as exper-
imental bypass of pre-TCR formation in RAG-deficient
pre-T cells is equally dependent on Notch signals (Cio-
fani et al., 2004). Alternatively, whereas ab lineage devel-
opment requires Notch signals for survival, gd T-lineage
cells may rely on IL-7 receptor signaling (Ciofani and Zu´-
n˜iga-Pflu¨cker, 2005; Kang et al., 2001). Moreover, the
difference in Notch signal dependence may also reflect
differential energetic requirements for the development
of ab versus gd T cells (Ciofani and Zu´n˜iga-Pflu¨cker,
2005). Developing gd lineage cells undergo limited prolif-
eration (Hayes et al., 2005; Kang et al., 1998) and, ac-
cordingly, are as less dependent on Notch-mediated
trophic effects.
Several studies have indicated that the gdTCR trans-
duces a stronger signal than the pre-TCR (Haks et al.,
2005; Hayes et al., 2005). In support of this trend, CD5 ex-
pression levels, which correlate with TCR signal
strength, are higher for differentiatingRag22/2T cells ex-
pressing agdTCR versus a pre-TCR. Moreover, adoption
of the gd versus the ab fate is associated with increased
activation of the ERK-Egr-Id3 pathway, where Id3 is a
negative regulator of E2A transcription factors (Haks
et al., 2005). In contrast, it has been suggested that
pre-TCR and Notch signals cooperate in downregulating
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2003). Such collaboration supports the notion that Notch
signals serve to lower the threshold for cellular activa-
tion, permitting weaker, ligand-independent signaling
from the pre-TCR. Accordingly, potent gdTCR signals
may bypass the need for Notch signaling, likely by medi-
ating both distinct and overlapping outcomes. In light
of our findings, Notch functions as a competence factor
for theab lineage at the DN3 stage, rather than an instruc-
tive signal, supporting survival and proliferation to the
DP stage.
Our findings provide insight into ab and gd lineage
commitment. The 3 to 1 ratio of ab to gd lineage potential
is remarkably consistent with the expected advantage
of a single in-frame TCRb rearrangement event versus
the two required to generate a gdTCR. Indeed, models
based on the successive rearrangements of the TCRg-
TCRd and TCRb loci predicted a gd T cell developmental
frequency of 25/81 cells (Dudley et al., 1995). Thus, the
data support a deterministic role for TCR complex for-
mation in lineage commitment. Further confirmation of
this model is provided by our finding that the frequencies
ofaborgdT lineage differentiation from TCRb- orgdTCR-
transduced Rag22/2 DN3 precursors approach unity:
1:1.28 for TCRb-OP9-DL1 and w1:2.5 for gdTCR-OP9-
control. Moreover, the low frequency of DP development
from gdTCR+ cells in OP9-DL1 cultures (w1:20) indicates
that most gdTCR+ cells also adopt the gd T cell lineage
in the presence of Notch ligand. Of note, the reduced
progenitor frequency of ex vivo wild-type DN3 cells as
compared to TCR-transduced Rag22/2 DN3 precursors
may reflect additional parameters, other than recombi-
natorial probability, of the TCR-rearrangement process.
Our study also addresses the long-standing question
regarding the timing of ab-gd T lineage divergence.
Clonal analysis of fetal thymus DN precursor potential
indicates that lineage bifurcation begins during the
DN2 to DN3 transition and is likely completed at the
DN3 stage, as revealed by a loss of precursor bipotency.
This coincides with the timing of TCR locus rearrange-
ment and the critical role of TCR complex formation in
lineage decision (Capone et al., 1998; Livak et al.,
1999). Analysis of adult thymus DN potential produced
a similar trend with respect to ab-gd bipotency. How-
ever, unlike fetal DN2 cells, a considerable proportion
of adult DN2 cells gave rise exclusively to gd T cells
(20%), suggesting that lineage divergence can occur
earlier in the adult thymus. Nevertheless, the uniform bi-
potency of DN1 cells and the presence of a large propor-
tion of ab-gd bipotent DN2 cells suggests that the gd and
ab T cell lineages are generated from a common progen-
itor in both the adult and fetal thymus. This progenitor
likely gives rise to the separate lineage-restricted popu-
lations observed within the adult DN2 subset. This het-
erogeneity within the adult DN2 compartment is consis-
tent with a previous study documenting differential ab
and gd reconstitution potential of adult IL-7Ra+ and IL-
7Ra-/lo DN2 cells (Kang et al., 2001). Fetal-derived DN2
cells, which are uniformly IL-7Rahi, may behave differ-
ently in this regard.
Given its ability to faithfully recapitulategdT cell devel-
opment, the OP9-DL1 culture system will prove instru-
mental in future studies aimed at characterizing the
molecular determinants of ab and gd lineage decision.Experimental Procedures
Mice
RAG-2-deficient mice (Shinkai et al., 1992) were bred and main-
tained in our animal facility under specific pathogen-free conditions.
Adult and timed-pregnant CD-1 mice were purchased from Charles
River Laboratories (Saint-Constant, Quebec, Canada). All animal
procedures were approved by the Sunnybrook Health Science Cen-
tre Animal Care Committee.
Cell Lines
OP9-DL1 and OP9-control cells were generated from the OP9 bone
marrow stromal cell line as described (Schmitt and Zu´n˜iga-Pflu¨cker,
2002). The ecotropic retroviral packaging cell line, GP+E.86 and the
BWZ.36 hybridoma fusion partner, were cultured in complete DMEM
supplemented with 10% FBS.
Fetal and Adult Cell Isolation
Fetal thymus and fetal liver (FL) were harvested on day 14 or 15 of
gestation. Thymus was extracted from 1- to 2-week-old wild-type
CD-1 mice. Single-cell suspensions were generated by disruption
through a 40 mm nylon mesh via a syringe plunger and were washed
once in OP9 medium. CD24lo/2 FL cells, enriched for hematopoietic
progenitor cells, were obtained by antibody- and complement-
mediated lysis, as previously described (Ciofani et al., 2004).
Flow Cytometry and Cell Sorting
Biotin-, FITC-, PE-, Cy-Chrome-, or APC-conjugated mAbs were
purchased from BD Biosciences or eBioscience (San Diego, CA).
Staining of cells was performed as previously described (Ciofani
et al., 2004). Flow cytometry was performed with a FACScalibur
and CELLQuest Pro software (BD Biosciences). FlowJo software
(Tree Star, Inc., Ashland, OR) was used for analysis; the data were
live gated based on forward- and side-scatter and propidium iodide
exclusion. Cells were sorted via a FACSDiVa or a FACSAria (BD Bio-
sciences); sorted cells wereR99% pure, as determined by postsort
analysis.
OP9 Cell Cocultures
CD117+ Sca-1hi HPC were sorted from CD24lo/- fetal liver cells and
cultured with OP9-DL1 cells for T lineage differentiation. Sorted fetal
thymus DN2 (CD117+ CD44+ CD25+ gdTCR2) and DN3 (CD442
CD25+ gdTCR2) subsets were cultured with OP9-DL1 or OP9-control
monolayers and analyzed by flow cytometry as indicated in the fig-
ure legends. All cultures were supplemented with 1 ng/mL mouse IL-
7 and 5 ng/mL human recombinant Flt-3 ligand (hrFlt3L; Peprotech,
Rocky Hill, NJ). For experiments involving Presenilin inhibition, equal
volumes of DMSO or g-secretase inhibitor X (serially diluted in
DMSO; Calbiochem, San Diego, CA) were added to the coculture
medium. Cultures were transferred to fresh OP9-DL1 stroma on
day 4, and DMSO or inhibitor were readded to the media. Cell counts
were performed by trypan blue exclusion, unless stated otherwise.
For retroviral gene transfer experiments (see Supplemental Experi-
mental Procedures for details), transduced CD442 CD25+ DN3 T
cells expressing both GFP and YFP were purified by cell sorting
and subsequently cultured on OP9-control or OP9-DL1 cells at
1–3 3 104 cells per well. Developmental progression and cellularity
were assessed by flow cytometry on the indicated days of culture.
RT-PCR
Total RNA was isolated from FACS-purified cell populations with the
TRIzol reagent (Invitrogen). Oligo(dT)20-primed cDNA was gener-
ated with the Omniscript RT kit (Qiagen, Mississauga, Ontario, Can-
ada). PCR reactions were carried out with the same serially diluted
cDNA samples normalized to a b-actin-specific signal. Gene-spe-
cific primer sequences are provided in the Supplemental Data. b-ac-
tin and ICER I–Ig primer pairs have been previously described (Cio-
fani et al., 2004; Pennington et al., 2003). PCR products were
resolved by agarose gel electrophoresis and visualized by ethidium
bromide staining. All PCR products shown correspond to the ex-
pected molecular size.
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of TCRg/TCRd Chains
gd T cell hybridoma clones were generated from culture-derived
cells according to standard protocols for PEG-mediated cell fusion
(Yokoyama, 1995). In brief, gdTCR+ cells were enriched from day
8 of FL HPC–OP9-DL1 coculture by magnetic-assisted cell sorting
(MACS) (Miltenyi Biotec, Auburn, CA), according to the manu-
facturer’s directions, to 96% purity and stimulated for 48 hr with
1 mg/mL plate bound anti-CD33 in the presence of 5 U/mL IL-2. gd
T cell blasts were fused with the BWZ.36 T lymphoma cell line and
selected as described. Productive clones were screened by PCR
for TCRg and TCRd chains by means of the primer pairs listed in
the Supplemental Data. PCR cloning of GV5 and DV104S1 chains
from hybridoma clone C1.21 was performed with Pwo polymerase
(Roche-Diagnostics, NJ) in conjunction with the TOPO TA pCR2.1
cloning kit (Invitrogen) according to the manufacture’s directions.
Precursor Frequency Analysis
Limiting dilution analysis was performed with the automatic cell de-
position unit (ACDU) function of the FACSDiVa cell sorter such that
exactly 1, 3, 10, 30, or 100 DN1 (CD117+CD44+CD252TCRgd2),
DN2 (CD117+CD44+CD25+TCRgd2), and DN3 (CD442CD25+TCRgd2)
cells from E14 fetal thymus or 5- to 7-week-old adult thymus were
deposited into 96-well plates containing OP9-control or OP9-DL1
cells in OP9 medium supplemented with 1 ng/mL IL-7 and 5 ng/
mL Flt3-L. Adult DN cells were additionally sorted as CD332,
CD42/lo, CD8a2, CD11b2, CD192, B2202, NK1.12, TCRb2. After 7–
14 days of culture, individual wells were scored for ab- and gd-T
lineage differentiation by flow cytometric analysis based on expres-
sion of CD45 and TCRb or gd TCR. The ab- and gd-T lineage precur-
sor cell frequency was determined by the method of maximum likeli-
hood applied to the Poisson model (Fazekas de St, 1982). For
limiting dilution of retrovirally transduced cells, precisely 1, 3, 10,
30, or 100 YFP+GFP+CD25+CD442 cells were sorted as above, and
individual wells were analyzed after 7–8 days for expression of
YFP/GFP, CD45, CD4, and/or CD8a (OP9-DL1 cultures) or YFP/
GFP, CD45, and CD5 (OP9-control cultures). The replicates used
for each experiment are given in the Supplemental Data.
Supplemental Data
Supplemental Data include three figures, one table, and Supplemen-
tal Experimental Procedures and can be found with this article online
at http://www.immunity.com/cgi/content/full/25/1/105/DC1/.
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